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A schematic of the latent-heat TES provided in Figure 9 shows its basic working principle. Excess 
thermal energy, diverted from a high-temperature source, can be used to deposit heat into the latent-heat 
TES via an HTF, thereby melting the storage medium. Similarly, during periods of demand, a heat-
recovery fluid can be run through the TES to absorb stored heat and cause the storage medium to solidify, 
discharging the system to produce energy. 

 
Figure 9. Charging and discharging cycle of a conceptual latent-heat TES system. 

5.2.2 Modeling 
A comparison between a molten-salt based two-tank sensible-heat TES system and a single-tank 

latent-heat TES system was drawn. This is a preliminary analysis to show possibilities. Future work will 
be done to further develop these models and comparisons. Also, these models are currently being 
modeled as coupled to a hypothetical NuScale reactor. These models and results are presented here to 
show progress in TES and are roughly applicable to LWRs. Future work could adapt these models to an 
LWR design. The salt chosen for both systems analyzed herein was NaNO3-KNO3 at a weight percent of 
60–40, commonly known as solar salt. This salt is the heat-storage medium, and the HTF for charging 
and discharging is steam/water. This salt was chosen because it has been characterized extensively and is 
widely used in energy-storage systems, particularly in those coupled to CSP plants. 

Case studies were performed by varying the amount of steam, and the storage material required was 
calculated. The primary fluid conditions were taken from a NuScale reactor module’s steam generator,48 
and the thermophysical properties of the salt were taken from an INL report.49 The thermophysical 
properties and price of salt are provided in Table 4. 
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Table 4. Parameters for the NaNO3-KNO3 heat-storage medium used in the latent-heat TES and sensible-
heat TES comparisons. 

Parameter Value Units 
Melting point  495 (K) 
Density  1954 (kg/m3) 
Enthalpy of fusion  107 (kJ/kg) 
Specific heat capacity 1500 (kJ/kg-K) 
Thermal conductivity 0.55 (W/m-K) 
Price50 0.72 ($/kg) 

 
The preliminary models for the TES systems were sized to accommodate 100% of the steam dump 

from a NuScale reactor module. This was assumed to be the base case. 

The modeling methodology is explained as follows: 

• Using the NuScale steam conditions, the amount of energy that could be acquired from complete 
condensation of the steam was calculated. 

• Using the thermophysical properties of the salt and the maximum temperature difference available 
(i.e., the difference between the initial temperature of the salt and the achievable temperature under 
ideal conditions), the amount of salt required to store the energy absorbed from steam was calculated. 

- For sensible heating, 𝑄𝑄 = 𝑚𝑚𝑐𝑐𝑝𝑝,𝑙𝑙𝑙𝑙𝑙𝑙∆𝑇𝑇, where 𝑐𝑐𝑝𝑝,𝑙𝑙𝑙𝑙𝑙𝑙 is the liquid heat capacity of the salt, and the 
temperature difference is calculated based on the melting point of the salt and the maximum 
steam temperature. 

- For latent heating, 𝑄𝑄 = 𝑚𝑚𝑐𝑐𝑝𝑝,𝑠𝑠𝑠𝑠𝑠𝑠∆𝑇𝑇1 + 𝑚𝑚∆ℎ𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑚𝑚𝑐𝑐𝑝𝑝,𝑙𝑙𝑙𝑙𝑞𝑞∆𝑇𝑇2, where 𝑐𝑐𝑝𝑝,𝑠𝑠𝑠𝑠𝑠𝑠is the solid heat 
capacity, 𝑐𝑐𝑝𝑝,𝑙𝑙𝑙𝑙𝑙𝑙 is the liquid heat capacity and ∆ℎ𝑓𝑓𝑓𝑓𝑓𝑓 is the enthalpy of fusion. Here, the 
temperature differences are based on sensible-heat additions to the solid salt, as well as the liquid 
salt. Therefore ∆𝑇𝑇1 is based on ambient and melting temperatures, and ∆𝑇𝑇2 is based on the 
melting temperature and the maximum steam temperature. 

- Using the amount of salt calculated, the volume of the storage tanks required, and their 
subsequent costs are calculated. 

5.2.3 Results and Analysis 
The amount of salt required to store energy from the base case (131.4), 200, 500, and 1000 MWth 

steam source over a period of 24 hours was calculated for both, the sensible-heat TES and the single-tank 
latent-heat TES. The results of this analysis are shown below in Figure 10. 
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Figure 10. Salt requirements for sensible- versus latent-heat TES systems. 

It is evident that, due to the ability of latent-heat TES systems to utilize latent along with sensible heat 
in the solid and liquid phases, the amount of salt required for storage is significantly smaller than that for 
sensible-heat TES systems. Reducing the amount of salt required in the latent-heat TES versus the 
sensible-heat TES results in lower salt cost, but also lower costs due to fewer construction materials 
required for the holding tank. The salt cost differences are shown in Figure 11. 

 
Figure 11. Cost comparison for sensible- versus latent-heat TES systems. 
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The diameter and height of the storage tanks were assumed to be on an order of magnitude similar to 
those deployed at the Andasol-1 Solar Power Station, a 150 MW CSP plant.51 This CSP plant is a 
parabolic trough that uses a molten salt as the HTF and storage medium for its sensible-heat TES system. 

Based on the volume the tanks would be required to store, assuming a wall thickness of 4 cm, and 
using the cost of carbon steel plate of $0.64/kg, the cost of storage tanks was calculated for the different 
cases.52 These data are shown in Figure 12. 

 
Figure 12. Storage tank cost comparison for sensible versus latent heat energy storage systems. 

Based on these preliminary models and cost estimates, the single-tank latent-heat TES shows promise 
of a cost reduction versus the standard two-tank sensible-heat TES. This is, however, a very rudimentary 
analysis that does not take into account many factors. Some unaccounted factors include: 

• The designs considered herein are preliminary and over-simplified. They do not account for 
additional components that would be required during the charging and discharging cycles. 

- For a two-tank sensible-heat TES, heat exchangers would be needed for charging and discharging 
cycles. 

- For a single-tank latent-heat TES, the header design would need to be designed carefully because 
the storage tank with embedded tubes is, itself, the heat exchanger. 

• As mentioned previously, there are drawbacks to latent-heat TES, the most critical being the low 
thermal conductivity of the PCMs. 

- The thermal conductivity of PCMs determines the charge and discharge rates of latent-heat TES 
systems. 

- For this analysis, the mode of heat transfer is assumed to be conduction only. This is, however, a 
conservative assumption as during the charging cycle, the PCM close to the tubes melts and 
generates small convection currents that lead to a shorter melt time than in a system which would 
have only conduction. The discharging cycle is dominated by conduction; therefore, the charging 
and discharging cycles will have different rates. 

• Enhancement of the effective thermal conductivity of the PCM will increase the cost of the storage 
material required. If the material’s thermal conductivity itself has not been enhanced, and the design 
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of the latent-heat TES has been modified, that would increase the cost of the storage tank. This has 
not been accounted for in this analysis. 

5.2.4 Summary and Future Work 
A comparison was drawn between two molten-salt-based TES systems—namely, the widely used 

sensible-heat TES system and a proposed design of a latent-heat TES system. The parameters for 
comparison were the amount of salt required, the total cost of the salt, and the cost of tanks required to 
store it. Based on the preliminary analysis, latent-heat TES systems show promising results in terms of 
overall capital investment. However, more analysis is required to understand and gauge the thermal 
performance of the latent-heat TES systems. Parameters such as charge and discharge rates, and round-
trip efficiencies are critical when comparing competing TES systems. 

Currently, collaborative research undertaken by the INL and the University of Idaho is investigating 
methods to enhance this thermal conductivity. Concepts ranging from enhancing the thermal conductivity 
of the PCM as well as developing novel designs for the latent-heat TES to enhance heat transfer between 
the HTF and the PCM are being studied. Math- and physics-based analytical and computational fluid 
dynamics models are being developed to better understand and visualize the thermohydraulic 
performance of the latent-heat TES systems. These models will be validated using experimental results 
conducted on a laboratory-scale latent-heat TES system at the Center for Advanced Energy Studies. The 
validated models will then be integrated with on-going nuclear-renewable hybrid energy system (NHES) 
modeling efforts at INL to evaluate the economic potential and advantages of new process designs with 
heat-storage capacities over baseload electricity production. 

6. ECONOMIC EVALUATION: NUCLEAR VERSUS NATURAL GAS 
PROCESS HEAT 

The TDL process modeling results already presented were used as the basis for a comparison of the 
cost of NPP and natural gas-derived process heat. The analysis considers NPP costs and performance 
consistent with the current U.S. fleet of existing LWRs. Five nuclear process-heat cases in which varying 
thermal capacity and delivery distance were evaluated are shown in Table 5. 

Table 5. LWR thermal power extraction cases. 
LWR Thermal Power Extraction 

(MWth) 
Transport Distance 

(km) 
0.2 0.1 
15 0.1 

150 0.1 
150 0.5 
150 1 

6.1 Economic Modeling Approach 
This economic analysis is based on preliminary design parameters and therefore uses a simple 

calculation methodology that provides transparent and straightforward results. A levelized cost of heat 
(LCOH) calculation was completed for both the nuclear and natural gas process-heat applications. The 
LCOH is calculated using the following equation: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =
𝐶𝐶𝐶𝐶𝐶𝐶 × 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐶𝐶𝑂𝑂&𝑀𝑀

𝑊𝑊
 

where 
CRF is the capital recovery factor 

Ccap are the project total direct capital costs 
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CO&M are the annual O&M costs, and 

W is the annual heat production. 

The capital recovery factor (CRF) is the fraction of capital investment that must be repaid each year to 
repay a loan with a term of n years and an interest rate i: 

𝐶𝐶𝐶𝐶𝐶𝐶 =
𝑖𝑖

1 − (1 + 𝑖𝑖)−𝑛𝑛
 

This analysis was based on a 20-year project life with a 10% discount rate. In this analysis the 
discount rate is an assumed rate that represents the weighted average cost of capital, including inflation 
and debt/equity internal rate of return (IRR) costs. As a representative example, a case with an IRR of 
15% per year, a debt rate of 10% per year, a debt/equity ratio of 1:1, and an inflation rate of 2.5% per year 
corresponds to a weighted average cost of capital (WACC) of approximately 10%. The simplified 
approach for calculating LCOH utilized in this analysis does not include taxes, depreciation, or 
decommissioning costs for either the nuclear or natural gas process-heat application. 

Several assumptions were made in calculating the LCOH for nuclear and natural gas process heat 
applications. These assumptions are listed below: 

• Although process heat from natural gas may be supplied at higher temperatures than nuclear process 
heat, this analysis assumes that the end-use application requires process heat at a temperature of 
approximately 175°C or less, and that nuclear process heat could therefore be substituted for process 
heat derived from natural gas combustion. 

• No increase or decrease in annual heat production during the life of the project (i.e., due to heat-
exchanger fouling or change in NPP operating conditions). 

• NPP power-cycle efficiency is maintained at a constant value of 33.3% during plant operations. 

• No additional labor costs are required to operate the NPP TDL or natural gas boiler. It is assumed that 
the NPP TDL and natural gas boiler are ancillary process components controlled and maintained by 
the NPP and/or the process-heat application (e.g., the hydrogen-production plant operators in the case 
of HTSE). 

6.2 Capital Costs Estimation 
Capital costs for the NPP TDL and natural gas process-heat sources were estimated to support the 

LCOH calculations. For the NPP TDL, Aspen HYSYS process models were used to calculate the TDL 
mass and energy balances and to estimate equipment specifications for the five cases identified in 
Table 5. For the natural gas process-heat source, capital costs were estimated for a boiler that would 
provide steam delivery at temperatures and flow rates consistent with the NPP TDL cases. Once the 
equipment specifications were identified, Aspen Process Economic Analyzer (APEA) was used to 
estimate equipment installed costs. APEA provides installed-equipment costs that include installation 
bulk costs (structural components, instrumentation, piping, paint and insulation, etc.) in addition to the 
material and labor costs. The costs are based on a “volumetric model” in which the estimated costs for 
each equipment item include the ancillary equipment (pipes, wiring, etc.) necessary to connect to the 
adjacent process equipment items. 

6.2.1 Nuclear Power Plant Thermal Delivery Loop 
Major NPP TDL equipment components include the SBL heat exchangers, TDL heat exchangers, the 

HTF circulation pump, the HTF transport piping, and the HTF fluid inventory. 

Heat-transfer area was used as the basis for estimating heat-exchanger capital costs. Heat-exchanger 
area was calculated using the Aspen Exchanger Design and Rating (EDR) software tool. Although the 
EDR analysis generates heat-exchanger designs that include detailed geometry specifications, the detailed 
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specifications were not used because the TDL designs evaluated in this analysis are preliminary and 
subject to change. Design temperature and pressure specifications for the APEA capital-cost estimation 
were obtained from Aspen EDR based on the specified exchanger operating conditions. 

Pipe length was varied with the scenario input specifications (0.100, 0.500, and 1 km lengths were 
evaluated). The pipe diameter was calculated by APEA based on the fluid-phase and flow-rate 
specifications. HTF circulation-pump costs were similarly based on the fluid-flow rates calculated by the 
HYSYS process model. The HTF inventory was estimated to be equal to the internal volume of the HTF 
piping. No costs for an expansion vessel or surge tank (or the costs of the associated HTF fluid inventory) 
were included in this evaluation. Carbon steel was used as the default heat exchanger, pipe, and pump 
material of construction. 

6.2.2 Natural Gas Process Heat Boiler 
The major natural gas process-heat system capital cost is associated with the boiler in which the 

combustion of natural gas provides the thermal energy used to vaporize feedwater into steam for process-
heat applications. This analysis assumes that the natural gas boiler would be installed in the immediate 
location of the process-heat application, and that a TDL for transporting the natural gas-derived thermal 
energy a significant distance is not necessary. 

Steam-boiler capital costs estimated in APEA used steam pressure and flow rates equivalent to NPP 
TDL 15 MWth and 150 MWth cases, as well as an additional, intermediate 75 MWth case (used for 
establishing capital-cost scaling-factor parameters). Boiler uninstalled-equipment costs for the cases 
evaluated in APEA were determined to scale with a capital-cost scaling-equation exponent of 0.81; this 
scaling exponent was then used to extrapolate the capital costs for a 0.2 MWth steam boiler. This capacity 
is below that for which APEA will estimate field-erected steam-boiler capital costs. The capital-cost 
scaling equation is included below: 

𝐶𝐶2
𝐶𝐶1

= �
𝐴𝐴2
𝐴𝐴1
�
𝑛𝑛

 

where 
C is the purchased equipment cost 

A is the equipment cost attribute (e.g., the thermal capacity) 

Subscript 2 designates the unit with required attribute 

Subscript 1 designates the unit with the base attribute, and 

n is the scaling exponent (computed as 0.81 for the field-erected steam boilers in this analysis). 

A correlation for the installation factor (the ratio of the installed-equipment costs to the uninstalled-
equipment costs) was similarly determined based on a power law relationship between scaling factor and 
boiler capacity. The installation factor for the 0.200 MWth steam boiler was estimated as 3.9 using this 
approach. The natural gas steam-boiler specifications and capital costs for the thermal-output capacities 
selected in this evaluation are detailed in Table 5. An additional cost data point of 75 MWth was included 
to increase the accuracy of the scaling-factor analysis. 
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Table 6. Natural gas steam boiler specifications and capital cost for selected thermal capacities (A field 
erected boiler unit equipment type) 

Boiler Capacity (MWth) 0.2 15 75 150 
Steam Pressure (kPa) 500 500 500 500 
Flow Rate (kg/hr) 311.6 25,452 127,566 255,132 
Equipment Cost 11,023 366,700 1,307,600 2,402,500 
Direct Cost 42,969 666,400 1,730,000 2,935,700 
Installation Factor 3.90 1.82 1.32 1.22 
CAPEX ($/kW) 214.85 44.43 23.07 19.57 

 

6.3 Operating and Maintenance Costs 
O&M costs are the second major cost category accounted for in the LCOH analysis. The O&M costs 

can be divided into fixed and variable costs. Fixed O&M costs include equipment-maintenance and labor 
costs. Variable O&M costs include expenses that vary with the process operation, such as the costs of 
fuel, feedstock, utilities, etc. 

Fixed O&M costs are incurred independently of system output. As previously indicated, this analysis 
assumes that the personnel required to operate and maintain the NPP and natural gas process-heat 
delivery systems are available from either the NPP or the process-heat end-use application such that no 
additional labor costs for the NPP TDL or natural gas boiler are required. Maintenance costs are assumed 
as 2% of the total direct equipment costs for each of the NPP and natural gas process-heat cases 
evaluated.53 

The variable O&M costs for process heat applications include energy input and fuel consumption for 
the NPP and natural gas process-heat cases, respectively. The NPP TDL economic analysis assumes that 
the nuclear heat is purchased from the NPP at a cost equal to the NPP O&M cost. The NPP O&M cost is 
generally reported in terms of $/MWhe for the electrical power output. The NPP power-cycle thermal 
efficiency is used to convert the NPP O&M cost to a thermal basis for the purposes of the LCOH 
calculation. In addition to thermal-energy costs, the NPP TDL uses electrical power to drive the HTF 
circulation pump. Although NPP O&M operating costs can be between $20 and $30/MWhe, a 
conservative value of $50/MWhe is used for the electrical power used by the TDL to reflect the 
possibility that this power may ultimately be purchased from the grid rather than directly at cost from the 
NPP. The natural gas process-heat cases assume that natural gas is purchased at a price of 
$4.04/MMBTU, which is the average value of projected industrial natural gas pricing from 2021 to 2040 
in the U.S. EIA 2020 Annual Energy Outlook reference-case scenario.54 

A summary of the key economic analysis input parameters for comparison of NPP- versus natural 
gas-derived process heat is included in Table 6. 
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Table 7. Economic analysis parameters for comparison of nuclear versus natural gas process heat 
Parameter Value Reference or Note 
Project Life 20 Excluding construction time 
Discount Rate 10% Assumed value 
NPP Thermal Efficiency 33.3% Assumed value 
Heat-Transfer Fluid Dowtherm A Synthetic heat-transfer oil  
HTF Cost $2.10/kg [55] 
HTF Density 900 kg/m³ [56] 
Maintenance Costs Annual cost equal to 

2% of total direct costs 
[53] 

NPP Capacity Factor 95% Assumed value 
Baseline Natural Gas Cost $4.04/MMBTU Projected industrial natural gas 

pricing; Reference Case 2021–2040 
averaged value (Table 3[54]) 

Baseline NPP O&M Cost $25/MWhe Assumed value 
 Natural Gas Boiler Efficiency 90% [53] 
Cost for TDL Electrical Power Usage $50/MWhe Assumed value 

 

6.4 Results and Discussion 
The total direct capital costs for each of the NPP TDL cases evaluated are detailed in Figure 13. This 

figure illustrates that the capital costs for the NPP TDL increase with thermal capacity, as expected. It 
may also be observed from this figure that the heat-transport distance is a significant driver of system 
capital costs. The three cases with 150 MWth heat delivery have approximately equal heat-exchanger and 
HTF circulation-pump costs, but the TDL supply and return piping and HTF inventory significantly 
increase the overall capital costs for the 1000 m transport case relative to the 100 m case. It is also worth 
noting that the HTF piping and fluid inventories account for more than 50% of the total direct capital 
costs in the 1000 m transport case. 
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Figure 13. TDL total direct capital costs as a function of heat-delivery capacity and process-heat transport 
distance. 

The LCOH for the NPP TDL (100 m transport distance) and natural gas process-heat systems are 
shown in Figure 14. The natural gas process-heat costs do not vary as strongly with plant scale as do NPP 
process-heat costs. The cost of the natural gas process heat is driven mainly by fuel costs (capital costs 
and the associated debt servicing represent a relatively small fraction of the overall natural gas process-
heat cost). At the larger scales evaluated (i.e., 15 and 150 MWth), the cost of nuclear process heat is less 
than the cost of process heat derived from natural gas. At small scales (i.e., 200 kWth), nuclear process 
heat was determined to be more expensive than process heat from natural gas combustion. 
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Figure 14. LCOH versus TDL capacity for nuclear and natural gas process heating. Plotted data points are 
based on a heat transport distance of 100 meters. 

In small-scale systems, TDL capital costs are the primary driver for the increased LCOH of the 
nuclear process heat (Figure 15). 

 
Figure 15. LCOH cost component breakdown for 200 kWth and 15 and 150 MWth nuclear process heat 
cases.  
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All cases are based on a heat-transport distance of 100 m, a nuclear heat cost of $8.33/MWhth (based on 
an NPP O&M cost of $25/MWhe at 33.3% thermal efficiency), and an electricity price of $50/MWhe. 

Increasing the TDL transport distance results in an increase in the TDL LCOH, but for the 150 MWth 
TDL cases with 1 km or less transport distances, the magnitude of the increase is relatively small, and 
nuclear process heat remains less expensive than natural gas-derived process heat. Several additional 
cases with TDL transport distances greater than 1 km were evaluated to determine the break-even point at 
which process heat delivered by the NPP TDL becomes more costly than natural gas process heat. This 
extended-transport-distance analysis was performed for the case of 150 MWth process-heat delivery at 
pipe lengths ranging from 5 to 20 km. The HYSYS TDL process model was used to evaluate thermal 
losses and pumping-power requirements. 

The heat-transfer losses associated with TDL transport distances greater than 5 km are calculated in 
HYSYS based on an input specification of buried uninsulated pipes with a soil temperature of 10°C. The 
increased pipe surface area associated with the longer transport distances results in increased thermal 
losses. The thermal losses associated with the increased TDL pipeline lengths are compensated for by 
extracting more energy from the NPP via the SBL. Although more energy must be extracted via the NPP 
SBL, the quantity of energy delivered to the process-heat application via the TDL heat exchangers 
remains constant at 150 MWth. The net result is that the TDL configurations with longer transport 
distances must purchase excess heat from the NPP (at additional cost) to deliver the specified 150 MWth 
heat duty to the process-heat customer. 

As the TDL pipeline length increases, the pumping power required to circulate the HTF increases. A 
larger pipe diameter of 36 in. was specified for TDL transport distances greater than or equal to 5 km to 
maintain similar heat-exchanger operating pressures throughout the range of transport distances 
evaluated. Increasing pipe diameter decreases fluid velocity and associated frictional losses; the increased 
frictional losses associated with the longer transport distances require significantly higher pump outlet 
pressures if the pipeline diameter is held constant. 

Because, at distances greater than 1 km, the pipeline will most likely be transporting heat between 
sites that do not share a common boundary, it is assumed that right-of-way costs in addition to the 
material, labor, and miscellaneous capital costs are included for the extended-transport-distance cases. 
Pipeline cost correlations [57] are used as the basis for calculating material, labor, right-of-way, and 
miscellaneous pipeline costs. This analysis assumes that the pipeline cost correlations for hydrogen 
transport, as evaluated in [11], are applicable for calculating HTF-piping costs. Additionally, the full 
pipeline costs are applied to both the HTF supply and return pipes; no reduction in the right-of-way or 
other pipeline costs are considered to account for the potential co-location of the two pipes. Because the 
operating pressure of the HTF circulation loop would be lower than that for hydrogen transport, and 
simultaneous installation of two pipes on a common path should lead to reductions in capital cost, it is 
expected that this approach will provide a conservative estimate of pipeline costs. 

In addition to TDL transport distance, NPP O&M costs have a significant impact on the cost 
competitiveness of NPP process heat with heat from natural gas. As shown in Figure 15 above, the NPP 
O&M cost (the cost of the heat input to the TDL) is a major driver of the cost of nuclear process heat for 
large-scale systems. LCOH is plotted for 150 MWth capacity NPP TDL systems as a function of heat-
transport distance and NPP O&M cost in Figure 16. It can be seen from this figure that break-even points 
for NPP- and natural gas-derived process heat occur at TDL transport distances of approximately 6, 8, and 
10 km for systems with 150 MWth of delivered process heat and NPP O&M costs of $30, $25, and 
$20/MWhe, respectively. This analysis could be further refined in future studies by optimizing pipeline 
diameter to minimize pipe costs—smaller pipes have lower capital costs, but increased frictional-pressure 
losses and increased operating pressures that affect the design and, consequently, the costs of all TDL 
process equipment—instead of assuming a constant pipe diameter for all cases with TDL transport 
distances ≥ 5 km. 
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Figure 16. LCOH versus heat-transport distance and NPP O&M cost. Plotted data points are based on a 
TDL capacity of 150 MWth and NPP O&M costs ranging from $20 to $30/MWhe. Assumes natural gas 
is purchased at a price of $4.04/MMBTU, the average value of projected industrial natural gas pricing 
from 2021 to 2040 in the U.S. EIA 2020 Annual Energy Outlook reference-case scenario. 

Further inspection of LCOH as a function of NPP O&M costs indicates that for medium (15 MWth) 
and large-scale systems (150 MWth) with a transport distance of 0.1 km, nuclear plant O&M costs within 
the range of $10–30/MWhe [57] result in the LCOH for nuclear process heat remaining well below the 
LCOH for natural gas process heat (Figure 17). 
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Figure 17. Nuclear and natural gas process-heat LCOH versus NPP O&M cost with a transport distance 
of 0.1 km. 

This suggests that, for process-heat applications with temperature requirements attainable with nuclear 
process heat and situated in close geographic proximity to an LWR, use of a nuclear energy source is 
more economical than use of a natural gas energy source. Additionally, the nuclear process heat is not 
associated with CO2 emissions and possible costs associated with CO2 taxes or CO2 capture that natural 
gas heat sources may be subject to in the future. Future low-carbon credits that may be available to 
industries that decarbonize will improve the economics further. 

7. CONCLUSIONS 
The domestic industrial sector is a substantial source of GHG emissions that, for the most part, are 

derived from fossil-fuel combustion to generate electricity or process heat. The existing domestic fleet of 
nuclear LWRs provide an opportunity to decarbonize a portion of industry by utilizing LWR heat for 
industrial processes in lieu of fossil-fuel combustion. These integrations would be synergistic because 
LWRs are currently under grid pressure to operate flexibly at less than their nameplate capacity with 
increasing frequency, which creates an opportunity to use the energy to create additional value, rather 
than turning down the LWR power. Markets for industrial heat were surveyed in this report for their 
potential to integrate with LWRs to serve industry heat-demand requirements. Markets specifically of 
interest include those that have heat requirements below 300°C where there may be a business case to 
locate new green-field industry near LWRs. 

Plastics recycling is not a significant thermal demand for a future industrial park. However, given the 
small heat-transfer amounts required, low risk, and environmental benefits, expanding recycling efforts 
using LWR heat could be a relatively straightforward way to dramatically reduce plastic-waste generation 
and utilize existing LWRs to improve the environment and provide a low-risk beginning for LWR TPE 
for use with green-field industrial facilities near LWRs. 
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In general, processes that integrate well with LWRs are those that require substantial water 
evaporation (specialty chemicals, chlor-alkali, paper and pulp, and food processing) or have large 
electrical and thermal demands (chlor-alkali, in particular). In the petrochemicals industry, LWR process 
heat can be used to satisfy heat duties in specialty-chemical processes, typically for downstream 
separations, purifications, or plastics processing (to melt the polymer material). Also proposed is that 
LWR process water (taken from the nuclear loop as a saturated liquid) can be used as cooling fluid for 
exothermic processes receiving increasing attention in the chemicals industry, notably CO2 hydrogenation 
to methanol and methanol-to-hydrocarbons upgrading. Heat duties in the chlor-alkali, paper and pulp, and 
food-processing industries are almost exclusively to heat and/or evaporate water for product drying and 
purification. Large facilities in these industries can demand 100 to 250 MWth steam duties. When 
combined in an industrial park, these facilities would consume a significant fraction of an LWR’s energy 
output, even before considering the (substantial) electrical demands. A well-designed industrial park, 
containing multiple interacting processes, could produce a variety of value-added chemical processes 
efficiently and with minimal GHG emissions, reducing the climate impact of key industrial processes. A 
key finding of this technical analysis is that purely thermal demands needed for a particular process are 
unlikely to consume all of the energy generated by an LWR; therefore, large electrical demands, likely 
electrolysis processes (either chlor-alkali, water splitting, or alkane deprotonation), will be required to 
effectively use the entirety of an LWR’s output. 

As a result of the market study, concepts for a hypothetical energy park centered around an LWR 
were developed and presented. Various candidate industrial processes were fit together in ways that 
provide synergy to the energy park as a whole, as shown in Figure 18, in which CO2 produced by an 
ethane steam-cracker burner is captured by an MCFC and upgraded through hydrogenation and MTO 
processes. Parallel brine- and water-electrolysis reactions produce chlorine, caustic soda, hydrogen, and 
oxygen. These products are combined with the two olefin/aromatics streams in a chemicals- and 
polymers-synthesis plant. The exact production of this plant can be determined by costs and market 
conditions, but the proposed arrangement provides the flexibility to synthesize a wide variety of 
commodity chemicals, specialty chemicals, and polymers. The goal of the energy park is to manufacture 
multiple industrial products at competitive costs while using LWR energy to minimize GHG emissions. 
The energy park contains four classes of industrial processes, each with a critical function: 
(1) electrochemical processes requiring heat input, (2) exothermic thermochemical processes (T >350°C), 
(3) endothermic thermochemical processes with associated carbon capture (T >700°C), and (4) mature 
industrial-demand sources with technical potential for LWR thermal integration (T <200°C). Heat and 
mass integration between these processes will depend on the specific process selections, plant geometry, 
and overall process conditions. The concept and function of each process class, including TRLs of 
specific technologies, are discussed below. 
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Figure 18: Specific Industrial Park Concept using nuclear heat and electricity to produce chemicals and 
polymers with minimal CO2 emissions. 

Removing heat from LWRs for purposes other than electricity generation is being investigated in 
separate INL studies. In this report, a preliminary excerpt model is used to show preliminary mass and 
energy balances of a conceptual thermal-energy extraction system whereby thermal energy is taken from 
the LWR and transferred to a conceptual industrial process by means of a TDL. Capital and operating 
costs were derived from the process model in order to calculate a simplified LCOH when extracted from 
the LWR. For comparison these results were compared to a calculated LCOH when using a conventional 
natural gas boiler. The results showed that at large scale (15–150 MWth), the heat from an LWR is more 
cost effective than natural gas combustion up to a 1 km distance for the heat transported from the LWR to 
the industrial process (Figure 18 and Figure 19). Diminishing returns apply to longer lengths of the 
thermal transport loop from the LWR to industry; thus, the concept of an energy park in close proximity 
to the LWR is the most plausible use case for the heat from LWRs. 

LCOH is plotted for 150 MWth capacity NPP TDL systems as a function of heat-transport distance 
and NPP O&M cost in Figure 19. It can be seen from this figure that break-even points for NPP- and 
natural gas-derived process heat occur at TDL transport distances of approximately 6, 8, and 10 km for 
systems with 150 MWth of delivered process heat and NPP O&M costs of $30, $25, and $20/MWhe, 
respectively. This analysis could be further refined in future studies by optimizing pipeline diameter to 
minimize pipe costs instead of assuming a constant pipe diameter for all cases with TDL transport 
distances ≥5 km. This is because smaller pipes have lower capital costs, but increased frictional-pressure 
losses and increased operating pressures that affect the design. Consequently, the costs of all TDL process 
equipment would decrease. 
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Figure 19. LCOH versus heat-transport distance and NPP O&M cost. Plotted data points are based on a 
TDL capacity of 150 MWth and NPP O&M costs ranging from $20 to $30/MWhe. Assumes natural gas 
is purchased at a price of $4.04/MMBTU, the average value of projected industrial natural gas pricing 
from 2021 to 2040 in the U.S. EIA 2020 Annual Energy Outlook reference-case scenario. 

Further inspection of LCOH as a function of NPP O&M costs indicates that, for medium- (i.e., 
15 MWth) and large-scale systems (150 MWth) with a transport distance of 0.1 km, NPP O&M costs 
within the range of $10-30/MWhe [6, 7] result in the LCOH for nuclear process heat remaining well 
below the LCOH for natural gas process heat (Figure 20). 
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Figure 20. Nuclear and natural gas process-heat LCOH versus NPP O&M cost with a transport distance 
of 0.1 km. 

This suggests that for process-heat applications with temperature requirements attainable with nuclear 
process heat and situated in close geographic proximity to an LWR, use of a nuclear energy source is 
more economical than use of a natural gas energy source. Additionally, the nuclear process heat is not 
associated with CO2 emissions and the possible costs associated with CO2 taxes or CO2 capture that 
natural gas heat sources may be subject to in the future. Future low-carbon credits that may be available 
to an industry that decarbonizes will improve the economics further. 

Thermal-energy storage may be an essential part of the process of transporting heat from an LWR to 
an industrial process and would allow for variability on either end. Thus, two TES systems were 
compared. It was shown that a latent-heat TES may have some advantages over a conventional sensible-
heat TES system and may cost less. The in-depth study and development of latent-heat and other energy-
storage systems is the topic of future research. 
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Stream operating conditions for Case 6: thermal dispatch 200 kW at 0.1 km (TEDS comparison). 
Steam Bypass to Thermal Delivery Loop Heat 

Exchanger Parameters 
Thermal Delivery Loop to H2 Plant Heat Exchanger 

Parameters 
Stream Parameter Quantity Units Stream Parameter Quantity Units 

Steam In 

Temperature 285.4 C 

TDL-HX In 

Temperature 258.2 C 
Pressure 6950 kPa Pressure 367.1 kPa 

Mass Flow Rate 0.103 kg/s Mass Flow 
Rate 

1.332 kg/s 

 
   

 
   

Steam Out 

Temperature 193.3 C 
TDL-HX 

Out 

Temperature 177.4 C 
Pressure 6791 kPa Pressure 229.3 kPa 

Mass Flow Rate 0.103 kg/s Mass Flow 
Rate 

1.332 kg/s 

 
   

 
   

Oil In 

Temperature 176.7 C 
From H2 

Plant 

Temperature 20 C 
Pressure 438.2 kPa Pressure 101.3 kPa 

Mass Flow Rate 1.332 kg/s Mass Flow 
Rate 

7.27E-
02 

kg/s 

 
   

 
   

Oil Out 

Temperature 259.2 C 

To H2 Plant 

Temperature 150 C 
Pressure 376.1 kPa Pressure 101.3 kPa 

Mass Flow Rate 1.332 kg/s Mass Flow 
Rate 

7.27E-
03 

kg/s 

 


